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I SCHOTTKY BARRIERS WORK

The Schottky barriers work concentrated this year on transport in the depletion region.
Transport includes both the depletion region and the quasineutral region, and phenomena caus-
ing departures from ideal electrical behavior occurs in both. In last year’s report, however, it
was shown that the depletion region can and should be treated separately from the quasineutral
region; the two can be coupled together by effective boundary conditions at the interface.
What is required in the deplction region are the scattering probabilities (or equivalently the
transmission and reflection coefficients) for an incident electron entering the depletion region.
Last year’s work centered on numerical solutions of the Boltzmann transport equations in the
quasineutral region for a highly non-Boltzmann, spatially varying electron distribution subject
to boundary conditions at the interface connecting the quasineutral and depletion regions. This
year’s work has focused on deplction region, to obtain the scattering rates of electrons travers-
ing it. At this time last year, it was believed that scattering from a collection of random
impurities (in contradistinction to a jellium of charge which gives rise to the usual one-
dimensional quadratic potential barrier) would be very large (Boudville and McGill, 1985) and
would require a fully three-dimensional solution the time-dependent Schrodinger equation for
an (cffective mass) electron moving through the depletion region. A careful study of the effect
of a distribution of random impurities is discussed in the following pages. The barrier resuit-
ing from a distribution of random impuritics was found—somewhat surprisingly—to differ
remarkably little from that of a jellium. The difference between these potentials acts as a weak

perturbation to electrons traversing the barrier.

This result greatly simplifies the calculation of scattering in the depletion region, because
now coulomb scattering can possibly be neglected, or be treated in perturbation theory on the
same footing as the other scattering mechanisms (e.g., intervalley scattering and optical phonon
scattering). Electron scattering is dominated by a smooth one-dimensional potential, which
includes the parabolic potential of jellium, the 1/z potential from image-force lowering, and
possibly another short-range potential from metal-induced gap states or interfacial states.




We can exploit the smallness of the perturbation in the following way. The scattering rate
w is given by Fermi’s golden rule in terms of the T matrix (Schiff, 1968):

W= 2—; o® 1BITI)

where p(B) is the density of outgoing states and the T matrix

1BITIO) = [usOVEOEDEr

represents the transmission amplitude coupling a free electron state ug 1o a scaticred outgoing

state &,. (& is a solution to the full Hamiltonian, including the potential V.)

By expressing the scattering potential as a sum of two terms Vy and V, where V, is the
large onc-dimensional potential and V, is the small perturbation, it tums out to be possible to
express the T matrix as a sum of a part that arises from V; alone and a comrection term (Schiff,
1968). The T matrix is given by

1BITI = 1BIT10)] + [E@V,DEuPd’r

= 1@IT )] + [E @V @E1Ddr

In the approximate expression, the second term contains a matrix element of V, between states
distorted by the V;. This approximation consists in replacing in the second term the true scat-
tered state by one distorted only by V. Because V, is small, the approximation should be
quite good, essentially exact for our purposes. Because V, is only one-dimensional, it is tract-
able to obtain the T matrix exactly for V,, the resulting wave functions & can be used to obtain

the second terms in the above expression and the total scattering rate can be cvaluated.

To this end, we have developed a code that solves numerically the wave functions and T
matrix for effective mass electrons in an arbitrary one-dimensional potential. There are some
difficulties associated with numerical solutions, because the wave functions have a high kinetic
cnergy in some regions that make the wave function oscillate rapidly. In tunncling regions, the
wave functions are growing or decaying exponentially and the Schrodinger equation for those
regions is of the stiff type. To obviate this difficulty, we divide space into three regions, the
left side for which energy is greater than the potential, middle for which energy is less than the




potential and right for which energy is again greater. (For electrons with positive kinctic
energy everywhere, there is no middle region.) With two linearly independent solutions in all
three regions, a solution valid everywhere is obtained by matching the solution first at onc
turning point, then at the other. At the far edge of the left and right sides, the potential is
assumed constant so that y(z) = exp (tikz). For the propagating regions, the wave function is
recast as amplitude and phase,

Y(z) = R(z) exp [id(z)]

and the Schrodinger equaiion becomces
R”(z) = [V(z) - EIR + E/R®

o'(z) = VE/R?

In the tunneling regions, y is recast reflect its exponentially varying behavior:

Wy(z) = exp [¢(2)]

and the Schrodinger equation becomes:

0"(2) =—¢'(2)* + V(@) - E

The two linearly independent solutions can be obtained by starting with any different set of ini-
tial conditions. In practice, the equation is integrated from the left to the right with one set of
initial conditions and the right to the left with another; this avoids the problem of solving stiff
equations. [It is also possible to solve the Schrodinger equation in a WKB approximation;
however, for arbitrary potentials it is necessary to solve the equations numerically anyway, and
the WKB may not be accurate near the surface where the potential varies rapidly: it is there
that the image force lowering potential the MIGS potential (or whatever potential is responsible
for pinning the Schottky barriers) are present. ]

It is well known that clectrons traversing the bamrier can tunnel with kinetic energy less
than the barrier height (the majority of current is tunneling current is moderately and heavily
doped devices), and reflect off the barrier even with positive kinetic energy [see, for example,
Landau and Liftshitz Section 50]. When calculating this effect in Schottky barriers, it has been




customary to approximate the potential barrier’s shape either by a triangle or, for reflection
over the top of the barrier, by a parabola. Our program permits us to calculate numerically the
true reflection coefficient; it is found to differ significantly from the model potentials. Figure 1
compares the reflection for a potential obtained by a jellium with an image force superimposed
to that with parabolic potential whose curvature matches the former potential. These
differences are important when a quantitative comparison with experiment is desired. In cases
when the band structure deviates significantly from effective mass behavior (this is especially
important for tunneling electrons), one can easily include this effect using a two-band model or

approximately by pemnitting the mass to be position-dependent.
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FIGURE 1 REFLECTION PROBABILITY OF AN ELECTRON SCATTERED
BY ASCHOTTKY BARRIER

In summary, development of the tools required for a quantitative study is proceeding on
schedule.  Within the next few months, we expect to be able to assemble the pieces to make
careful studies of at least some aspects of transport through a Schottky barriers. Eventually it
is expected that the Schottky barriers work also will evolve into an effective modeling tool for

the study of junctions and high-speed electronics devices.




The next section presents a draft of a paper in preparation on the electrostatic potential
from dopants in the depletion region. As mentioned previously, the resulting barrier is shown
to be remarkably similar to the quadratic potential of a jellium, as is usually assumed. The
difference between these potentials acts as a perturbation to electrons traversing the barrier; it

is shown to be small and the scattering weak.




II EFFECT OF DISCRETE DOPANTS IN SCHOTTKY BARRIERS

Traditionally the barrier in Schottky barricrs and heterojunctions is modeled by a one-
dimensional quadratic potential, as would obtain from jellium of charge in the depletion region.
Fluctuations in the potential act as a perturbation to electrons traversing the barrier; panicularly

important are the fluctuations in the plane normal to the barrier.

At first glance it might scem that the difference in electrostatic potential from a random
distribution of ionized dopants and a jellium is large and that it would strongly scatter electrons
traversing the depletion region. Boudville and McGill (1985) calculated transport using a sim-
ple model for the coulomb potential and found the effect to be large. This section presents a
more complete study of this perturbation. We do so with an approximate potential and later
show the results of a more complete Madelung calculation using a collection of 100 randomly
distributed dopants.

To make an approximate perturbation to the truc potential, consider a single sphere of
radius r, and volume 1/Ny, wherc Ny is the dopant density. The charge density inside the
sphere is made out of a point charge at the center, compensated by uniform background of
density Ny, The potential from all dopants is cbtained from a superposition of these sphere
potentials; this deviates from the true perturbation because the charge density is doubly counted
in regions of overlapping spheres and not counted in void regions. The net charge of both the
true and approximatc perturbations is zero. (There is an additional approximation of the same
order, that the potential from the superposition of charge densitics is taken to be equal to the
superpusition of potentials from the densities scparatcly—a correction comes from the regions
where the densities overlap.) This approximation cssentially the same as the atomic spheres
approximation in clectronic structure calculations. For closc packed lattices, it is an excetlent
one, introducing crrors of fcw percent. For a random distribution of dopants, the approxima-

tion should still be reasonable. The potential for a single sphere is, in alomic Rydberg units:

r - 3r}
3

T

o(r) = —f— + . a1




for r < r; and zero otherwise. (The potential must also be reduced by the diclectric constant;

this reduction will be implicit in all expressions for the potential presented in this paper.)
Tl average perturbation,

)11'3
5= Yo = —- = 2 |4
Q = Ndjsphcn: d r¢(r) = 5rs 5 {4 3 NdJ ’ (2)

incrcases as Ndm, much as the image-force correction, varying as NJ'4. This approximate ¢ is
independent of the distribution of dopants. Its magnitude is small and suggests that the pertur-
bation is weak. For example, for Ny = 8 x 10'® cm™ and € = 10, § = 15 meV, barcly obscrv-
able even by the best IV measurements (appearing a corrcction to the barrier height) and small

compared to the image-force lowering potential.

Now consider scattering by this potential when dopants are ordered on a lattice. For any
lattice it is of course possible to obtain the potential by Ewald summation, but our approximate
potential should be a quite adequate. When there is a lattice, the perturbation is most informa-
tively expressed as a Fourier series, since the Fourier components are the ‘‘oscillator
strengths,” a measuring of the coupling strength of one state to another, and thus the scattering
ratc between states. Components of the approximate perturbation are $(G) with

T 0P+ R) = NyT 6(G) exp i - 7 . 3)
K G

Here R and G are real- and reciprocal-space lattice vectors, respectively, and ¢(q) is the

Fouricr transform of ¢(n), .

3 10
- x

5t (qry

NO(q) = [(qry® + 3qrcos(qry) — 3sin(gry)) . (4)

N

Function Nyo(q) falls smoothly to zero from its maximum value of 3/5r, at q = 0, with a half-
width at gr, = 5. Again, the strength of the perturbation is small (being strongest at q = 0),
although in the highly doped case not negligible in comparison to kT. The half-width gr, = §

is a measurc of the maximum of change in wave vector @ an clectron will suffer when it
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scatters. For example, in the case m * = 0.1 m, Ny = 8 x 10'® cm™ and e = 10, the “oscilla-
tor strength” is 15 meV at g = 0 and #%(5/R)’2m" 35 meV, so that scattering cvents are lim-
itcd to a change in energy of approximately 35 meV.

In the case of a random distribution of dopants, thc same gross bchavior should be found
as before; in particular, according to the approximations discussed above, the average perturba-
tion ¢ is independent of dopant distribution. One might expect that the random distribution
will cnhance fluctuations, because two or more dopants may cluster together and combine to
form a local potential well that strongly influences scattering. As a check of the simple model
potential describcd above, and also to study the effect of randomness, a “sample” depletion
rcgion was made out of 100 randomly distributed dopants. The dopants were placed randomly
in the bottom half of a supercell of width w and length 2L; the top half contained no dopants
and thus constituted a neutral region. Periodic boundary conditions were imposed so that the
surercell repeated itself throughout space. The electrostatic potential from this distribution was
obtained by Ewald summation, tabulated on a mesh of 50 x 50 x 50 points. A dopant density
Ng = (100 au)™ = 8 x 10'"® cm™ and a length L = 332 au was chosen, making a barricr height
of 1.39 Ryd and a width of w = 548 au. (For € = 12, this corresponds to about 1.5 ¢V.)

In the illustrations shown, the z axis is nomal to the depletion region. Figure 2 shows
contour plots in the yz plane for three different averages of the potential in x. In Figure 2(a),
the contours arc shown for the 25th plane x, in Figurc 2(b), the contours are averaged in x
between the 21st and 30th plane, and in Figure 2(c), the contours are averaged in all 50 plancs
of x. As expected, the potential increases approximately parabolically in the depletion region
{between z = 0 and z = L), and the fluctuations die down as more planes are averaged. Figure
2(a) is not very mecaningful because clectrons of wave vector k, will be smeared out in x with
a wavclength 2r/k,.  The 10 atomic layers of Figure 2(b) amount to about 50 &, which
corresponds to a transverse Kinctic energy of 15 meV for m*/m = 0.1, Figure 2(c) is hardly
distinguishable from a parabolic barricr and the barricr height is very closc to the value of 1.39

Ryd that a jellium would have.

Figure 3 shows the deviation from a jellium, averaged in 10 and 50 planes in x. The 10-
planc average is secn to be about three times stronger than the 50-plane average. Figure 3(c)
shows the deviation in potential averaged in both x and y. It is scen to risc smoothly from
approximatcly zero ncar the cdge of the depletion region. The average potential in the deple-
tion region can visually be scen to be close 10 10 mRy the approximate potential estimates.

Figurc 4 shows the Fourier transform of the potential in the xy plane, for z in at the edge of

8




QUASINEUTRAL REGION

01 T,
Q//_‘W |
N T os

- 13

{a) CONTOURS IN THE yz, TAKEN FOR A SINGLE PLANE IN x

QUASINEUTRAL REGION

1.3

Z=L
{b) CONTOURS IN THE yz, AVERAGED IN 10 PLANES IN x

QUASINEUTRAL REGION

z-0F :

0.1
0.3

07
10
2L
{c) CONTOURS IN THE yz, AVERAGED (N ALL 50 PLANES IN x

FIGURE 2 CONTOUR PLOT OF A SCHOTTKY BARRIER:
CONTOURS OF CONSTANT BARRIER HEIGHT
FOR THREE DIFFERENT AVERAGES OF THE
BARRIER IN x




QUASINEUTRAL REGION

Z=L
(a) CONTOURS OF CONSTANT DIFFERENCE, ANALOGOUS TO FIGURE 2(a)

QUASINEUTRAL REGION

(b} ANALOGOQUS TO FIGURE 2(c}

~,002 F /r N

-004 | .
-006 |- QUASINEUTRAL REGION |
-008 .
o1 b ]
-012 + . 4

Z-L Z-0 Z—»

(¢} DIFFERENCE WHEN THE POTENTIAL IS AVERAGED
N THE ENTIRE PLANE NORMAL TO THE SCHOTTKY
BARRIERS

FIGURE 3 DIFFERENCE INPOTENTIAL BETWEEN THE JELLIUM
AND THE RANDOM DISTRIBUTION OF DOPANTS

10




T T T T =T T T T T
028 -
0.24 .
020 -
0.16 . -
012 CENTER OF DEPLETION REGION -1
008 |- % -

EDGE
004 |- -
0
004 |- e -
008 ] 1 | | 1 | ] i 1
0 0.01 0.02 003 0.04 0.05 0.06 007 008 0.09 0.10

FIGURE 4 FOURIER TRANSFORM OF THE SCHOTTKY BARRIER POTENTIAL
AT THE EDGE OF THE DEPLETION REGION

Units of k are 50/w, where w = 548 au.

the depletion region and in the center. The Fourier transform &(qo dies out very rapidly away
from q, = 0, indeed too rapidly to be resolved on the discrete mesh used. This rapid dccay is
perhaps most easily interpreted from the point of view of the model potential. Taking its
Fourier transform over a random distribution of dopants,

NafePre®” 1 3 607 480 = Neh@) T o R (s)

the sum over a distribution of phases @ - R now washes out all of the Fouricr components of

this approximate perturbation cxcept for q = 0.

Thus, it appears that a random distribution of dopants scatters cven more weakly than an
ordered lattice. The potential in either case appears to electrons transversing the depletion
region to be remarkably like a simple quadratic potential. The key to this perhaps surprising
result lies in the long range of the coulomb potential: a superposition of potentials falling off as

11




1/r combine to form a very smooth potential. (The singularity in a 1/r behavior at short range
is not significant, because it is only j‘(l/r)dar over some volume characteristic of the size of an
electron wavelength that matters.) No explicit calculations of scattering through the depletion
region were carried out here, although this is rather easy to do. It is clear from the discussion,
however, that the net scattering from these dopants are quite small (especially in the more phy-
sically significant random case), particularly when averaged over a distribution of electrons.
Such a conclusion is the opposite of the conclusion Boudville and McGiil (1985) drew. He
did carry out transport calculations, but used a crude potential in which only a single dopant
was present, and it is probably in the differing treatment of the potential that our conclusions
differ.

12




HI AB INITIO ELECTRONIC STRUCTURE WORK

Most properties of interest in the solid are governed by the behavior of the electrons, and
these propertics can (in principle) be calculated if the underlying Schrodinger equation (or the
relativistic extensions to it) could be solved. In particular, the heat of formation of metal ada-
toms on the surface of semiconductors, the interfacial dipole that pins most Schottky barriers,
and of course the encrgy bands are the kinds of quantities of particular relevance to Schottky
barriers. The greatest portion of our efforts in the past year have been devoted towards
development of an efficient method for making such electronic structure calculations, onc that
is sufficiently fast that it can be applicd to large systems (by ab initio standards) containing
several dozens of atoms.

While it is ncarly impossible to solve that equation exactly for a real system, the local-
density approximation to it has been found to yield remarkably good results under a wide
varicty of circumstances. Hohenberg and Kohn proved long ago that the Schrodinger equation
is a functional only of the electron density; the functional, however, is unknown. The local-
density approximation is a simplification of the unknown density functional, and it is possible
(although difficult) 10 make systematic corrections to it. It is ab initio, in the sense that no
adjustable or cmpirical paramcters enter into the theory. Extensive experience in a truly
rcmarkable range of applications has gencrated a high degree of confidence in the LDA, and it
is widely belicved that the it is sufficiently accurate to predict a broad range of properties, par-
ticularty mechanical properties. It can be cqually well applied to any element in the periodic
tablec and to any arbitrarily complicated system, barring formidable difficulties in accurately
obtaining solutions to the LDA for large systems.

Its greatest drawback is that, at lcast as traditionally applied, it is quite complicated. First
a basis sct must be chosen in which matrix elements of the Hamiltonian can be calculated.
Then the eigenvalue problem must be solved to generate a sum of onec-clectron energies and a
charge density; next, Poisson’s equation must be solved (o evaluate the Hartree potential and
the electrostatic energy. Finally, the total energy is obtained from the eigenvalue sum, plus a
doublc counting correction in the Hartree potential. Ab initio methods, as least in their tradi-

tional application, additionally require sclf-consistency in the potential, i.e., the potential as
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calculated from the eigenstates of the Hamiltonian must be identical to the potential that gen-
erated the Hamiltonian in the first place. Unt’ <~ wecently as last year, the available computa-
tional techniques were still regarded as far too cumbersome to calculate properties of anything
but very small systems, e.g., systems with 20 atoms or less. The bulk of our effort this year
has gone into development of an efficient method that solve the local density equations far
more efficiently than previously. This opens many doors that were previously closed to ab ini-
tio calculations; in particular, it should be possible to make ab initio studies of the metal-
semiconductor interface.

An accurate solution of the local density-functional is a complex and computationally
intensive task. This has until now been particularly so with techniques that attempt to solve
the local-density equations with essentially no approximations (the APW, LAPW, and pseudo-
potential methods). Calculations using smaller, more efficient basis sets, in particular the linear
muffin tin orbitals (LMTO) method, traditionally make simplifying approximations to the
potential. The LMTO method is far more efficient than its sister methods, but the approxima-
tions to the potential render it suitable only in conditions of high symmetry.

The bulk of our efforts this year have been spent in collaboration with Dr. Methfessel at
the Max Planck Institut fur Festkorperforschung in Stuttgart, to develop a new LMTO method
that rcmoves the approximations to the potential. Because the method is only now being com-
pleted, very few results are available. However, the early results are very promising. The
LMTO method, without any shape approximations to the potential, and with an enlargement
over the conventional basis can be as accurate as the computationally intensive methods (Meth-
fessel, 1988; Methfessel and van Schilfgaarde, in preparation). Silicon has been used as a test-
ing ground; it makes for a particularly stringent test for the LMTO method because of its open
tetrahedral structure (the LMTO method prefers close-packed structures). Table 1 attests to the
remarkable precision of both density-functional theory and this new LMTO method.

This basis set of 22 orbitals/atom is sufficient to solve the local-density equations 10 an
absolute precision of about 1 mRy. Comparable accuracy using the pseudopotential method
requires about 1000 plane waves per atom (similarly for the LAPW method). Because the
computation time for a given calculation of the energy eigenvalues increases as the third power
of the number of orbitals in the system, it is obvious that this method is orders of magnitude
faster than the pseudopotential mcthod for comparable accuracy. The reason why the LMTO
method is so efficient is that its orbitals are tailored to the potential of the system, and so very
rapid convergence is obtained.

14




Table 1

- PROPERTIES OF SILICON CALCULATED
SELF-CONSISTENTLY FROM 22-ORBITAL BASE,
FULL POTENTIAL

Data from Methfessel (in preparation)

Parameter Experiment Theory
Lattice constant (a.u.) 10.26 10.23
Cohesive energy (eV)* 48 5.23
Bulk modulus (Mbar) 0.98 0.987
Ci1 — €12 (Mbar) 1.02 1.03
C44 (Mbar) 0.80 0.83
Phonons:
TO() (THz) 15.53 15.52
Kxyz (eV/R) -35.1 39.1
TO(X) (THz) 13.90 13.75
LAO(X) (THz) 12.32 11.82
TAX) (THz) 4.49 4.50
Gruneisen parameters;
) TO(ID) 0.98
TO(X) 15 1.51
LAO(X) 0.9 103
- TA(X) 14 1.42

*This is essentially the result of local-density theory, and
the error is almost entire owing to failure of the local
density in the free atom, as opposed to the solid.

tThere is a large uncertainty in the measurement of this
quantity (Manuel Cardona, private communication).

LMTO calculations have been performed on large systems, including the NiSi,-Si inter-
face, using ninc interfacial layers comprising 80 atoms (Das et al., submitted; Das et al., in
press) and one on a 216-atom silicon cluster thought to resemble amorphous silicon. This
demonstrates the feasibility of applying the LMTO method to large systems; our present task is
to do the same with the accurate, full-potential version of the LMTO method.
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Another theoretical development important to ab initio treatment of large systems comes
in new approaches to the density-functional. Self-consistency can be a real obstacle in conven-
tional applications, first because it is slow, and secondly because it is hard to reach, owing to
the many more degrees of freedom. A recent development by Car and Parrinello unites
density-functional theory and molecular dynamics, and self-consistency in the electronic struc-
ture is achieved simultaneously with the motion of the nuclei (Car and Parrinello, 1985). This
has been successfully applied to a (001) twist boundary in germanium, using the pseudopoten-
tial method a local approximation to the exact LDA pseudopotential (Payne, Bristowe, and
Joannopoulos, 1985).

Another recently developed technique (Harris, 1985; Foulkes, 1987) is even simpler than
the above mentioned Car and Parrinello method, and more efficient for the LMTO method.
These techniques are derivatives of a method originally published by Harris (1985), and
independently and more complctely by Foulkes (1987). The essential point here is to exploit
the variational property of the Hamiltonian, because of which errors in the total energy are
sccond order in the difference between the guessed input potential and the self-consistent
potential. Rather than carrying calculations to self-consistency, one attempts to construct an
input potential sufficiently close the the self-consistent one as to render unnecessary any steps
to sclf-consistency. Another key in this technique is that the density-functional can be written
in another form so as to rcquire only a guessed input potential and the output band structurc

energy.

The Hohenberg-Kohn density functional at a density n is

EIN) = TIN) + Ejpareeln] + Exeln) + fnVeqfn]

where Ejp,qree[n] is the electrostatic energy I/ZI n(r) n(t)/ Ir - ' 1d*rd® of the electrons, Ian
is the cnergy of the electrons interacting with the nuclei and E, [n] is the cxchange-correlation

energy.

The kinctic energy T is not directly calculable, but it can be obtained by solving the

Schroinger equation for its cigenstates y; and eigenvalues €;:

T+vp) Vi=gy, ,
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where T =- 1/2V 2 and v,, is a guessed input potential. Solution of the one-electron equa-
tions for y, yields an output charge density

Doy = X Wi‘ v

where Y, is the sum over occupied orbitals. Were v, the self-consistent potential, n,,, would

be the self-consistent density ng as well, and v;, would then be

No(r’)
Ir-rl
but (and this is the central point of this approach) v, need not be calculated from any density

Vi = Vea(DIng) + | & + pdng)

(Foulkes, 1984)." Because of the variational principle, any guessed input potential incurs errors
of order (n,, — ng)>. Solution of the above equations yields an expression for the kinetic
energy:

T[nout] = Z j Wi‘ Ty; = Z & — j VinTout
1 1
Making a functional Taylor series in T,

TN, = Tingu] + | (04 — N, )T/8N;,) + Oy, — o)

and using 8T/dn;, = ~v,, + constant, Foulkes (1987) obtained a new expression for the total

energy

Elng Vial = X6 + | (Vea—Vio)in

+ EHam'ee[nin] + Exc[nin] + O(noul - nin)2 + O(noul - n0)2

This last expression differs from the self-consistent one by errors of second order in the den-
sity. It is exactly equivalent to the density-functional as originally formulated, but is amenable
to approximation, especially with respect to the LMTO method. In particular, the LMTO

*The idea that the input potential v need not be derived from an input density, also due to Foulkes, is
recent and is as yet unpublished.
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method considerably simplifies if it is sufficient to construct a starting potential from a super-
position of spherical atom-centered potentials. M. Methfessel (in preparation) has constructed
a test potential in silicon and found good agreement with the fully self-consistent results.
Importantly, the same test potential can be put in different structures (e.g., beta-tin, diamond,
simple cubic), so it is transferable to new environments. Self-consistency is thus obviated.
This method is in practice essentially as efficient than the semiempirical tight-binding method,
but has the full support and precision of density-functional theory. Indeed it very strongly
resembles the tight-binding method since essentially all that enters are the sum of onc-electron
energies. One of the greatest achievements of the Harris functional is to make a formal
justification of most of the ansatz used implicitly in semiempirical tight-binding methods. The
method outlined here is far more efficient than the Car-Parrinello method and is well suited for
large systems.

A related approach is to make a guessed potential out of a superposition of free-atomic
charge densities. This is more complicated to implement since the potential is no longer a
superposition of spherical potentials, but the results seem about as good (Polatoglou and Meth-
fessel, 1988) except for very ionic systems such as NaCl.
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IV SUMMARY AND FUTURE WORK

One step in the current suite of LMTO programs involves a technique that solves
Poisson’s equation and the exchange-correlation potential and energy in the interstitial (Meth-
fessel, 1988; Methfessel and van Schilfgaarde, in preparation). The idea is to fit the density as
cvaluated at the surfaces of the spheres to a linear combination of spherical Hankel functions;
since Hankel functions are eigenfunctions of the Poisson equation, the Hartree potential is trivi-
ally obtained as a linear combination of Hankel functions once the fit to the density is known.
While ingenious, the method as originally designed was not suitable for large systems because
of the method used to fit the density itself. However, we have recently shown (Methfessel and
van Schilfgaarde, in preparation) that procedure is mathematically equivalent to a generalization
of Andersen’s tight-binding transformation (Andersen, 1985), and that the procedurc can be
made far more efficient than previously. In particular, it is possible to solve Poisson’s equation
in real space; the method is equally well suited to molecules. It was principally in this step
that the method as originally implemented was not suitable for large systems; this difficulty is
being removed with the current work.

A number of improvements need be made to make it fully operational, for example, the
full-potential version of the code is as yet neither relativistic nor spin polarized. Without the
atomic spheres approximation (in which the potential is constructzd out of large overlapping
spheres), semicore states are a greater problem than previously and probably a two-panel facil-
ity will be required. These are a number of details that need to be filled out for the method to
be generally applicable to any system. We believe that this new method shows a great deal of
promise and will find wide application in the years to come. Because it is both very accurate
and very fast we believe it will ultimately displace all other present-day ab initio techniques for
calculating electronic structure as the method of choice. For example, it should be possible to
study the metal-semiconductor interface, and the role of impurities there and interface states
there. With a Cray II, it is possible for the method to perform calculations on several hundreds
of atoms.
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